The contamination of wines and, more rarely, of brandies by corks or cork-based stoppers used as bottles closures has been a recurring issue for many years. The relative frequency of this type of spoilage, characterized by the distinctive, unpleasant odor of «moldy cork taint», has led to a considerable body of research on this subject. In wine, 2,4,6-trichloroanisole (TCA), produced by the methylation of its direct precursor, 2,4,6-trichlorophenol (TCP), has clearly been identified as the main compound responsible for the "moldy off-flavors" produced by defective corks. In this study, we present a method for assaying the main chloroanisoles and chlorophenols identified as potential contaminants in wines and corks or cork-based stoppers (2,4,6-trichloroanisole and -phenol, 2,3,4,6-tetrachloroansiole and -phenol, pentachloroanisole and -phenol). An extraction method using dichloromethane for cork and a dichloromethane/-pentane mixture for wine isolates almost the entire quantity of organochlorine contaminants from these matrices. The chloroanisoles and precursors are identified simultaneously by gas-phase chromatography coupled with electron impact mass spectrometry with selective ion monitoring. This method provides an accurate analysis of the contamination with a view to establishing the type and origin of the "musty, moldy, corky" characteristics in bottled wines by studying the migration of contaminants from the stoppers into the contents of the bottles. This method for the simultaneous assay of chlorophenols and chloroanisoles was defined in compliance with the following standards: NF ISO 5725-1/2, NF V 03110 (AFNOR), and MA-F-AS1-06-PROVAL (OIV). The method is specific, accurate, linear, repeatable, and has been validated. The detection and quantification ranges are compatible with the sensitivity requirements for this type of contaminant.
INTRODUCTION
The contamination of wines and, more rarely, of brandies by corks or cork-based stoppers used as bottle closures has been a recurring issue for many years. The relative frequency of this type of spoilage, characterized by the distinctive, unpleasant odor of «musty cork taint», has led to a considerable body of research on this subject. The proportion of wines spoiled by corks or cork-based stoppers traditionally used for wine bottles varies from 0.5 to 6 % for still wines (HEIMANN et al., 1983) , and 0.5 to 2 % for champagnes (PANAÏOTIS et al., 1993) . However, a considerable quantity of contradicting data has been published on this problem, but no truly representative statistics.
Chloroanisoles, particularly 2.3.4.6-tetrachloranisole (TeCA) and pentachloroanisole (PCA), have been known to cause off-odors in eggs and chicken carcasses since 1966 (ENGEL et al., 1966) . WURDIG (1975) , WURDIG and TANNER (1982) , and DUBOIS and RIGAUD (1981) , were the first to link the «musty» odor of certain wineries and the use of pentachlorophenol (PCP), containing tetrachlorophenol (TeCP) as an impurity, to treat wooden vats. It was not, however, until research by CHATONNET et al. (1994) that the various means of remote contamination by TeCA and PCA, produced by the biomethylation of organochlorine pesticides used in or near wineries, were identified and explained.
In wine, 2,4,6-trichloroanisole (TCA), produced by methylation of its direct precursor, 2,4,6-trichlorophenol (TCP), has been clearly identified as the main culprit in the «musty odors» transmitted by defective corks , BUSER et al., 1982 , TANNER and ZANNIER, 1983 . RIBOULET (1982) contested the role of cork in transmitting TCA to wines. However, AMON et al. (1989) investigated the various molecules identified and quantified in wines with offodors and their corks and concluded that 61 % of the wines involved contained TCA and 82 % of the cases of contamination could be connected with the cork. The results of the Quercus European research program also showed that 80 % of the bottled wines with «musty» off-odors contained sufficient quantities of TCA to explain this tasting defect (BUTZKE et al., 1998) . However, according to SOLEAS et al. (2002) , only 27 % of the wines diagnosed as having «musty» off-odors on tasting that they tested contained over 2 ng/L TCA. This indicated that other molecules must be capable of causing or contributing to this defect.
Chloroanisoles are very strong-smelling chlorophenol derivatives. CURTIS (1972) measured the following perception thresholds in water: TCA 0.3 ng/L, TeCA 4 ng/L, and PCA over 4 000 ng/L. GRIFFITHS (1974) confirmed the perception threshold of TCA in water. DUERR (1985) estimated the detection threshold of TCA in red wine at 1.4 ng/L. Thresholds for TeCA in wines were initially considerably over-estimated (CHATONNET et al., 1994, CHATONNET and LABADIE, 1995) , as the detection of chloroanisole-related defects in wines must take into account not only direct olfaction but also retro-olfaction (aromas perceived on the palate). TeCA, a less volatile molecule than TCA, may thus be detected at concentrations in the vicinity of 12 ng/L in red wines and under 5 ng/L in sparkling wines. PCA cannot be solely responsible for off-odors at the concentrations assayed in wines, but it may act in synergy with other chloroanisoles (CHATONNET et al., 1994) .
Accurate quantification of these contaminants in wines and cork is generally carried out by extraction and concentration followed by gas-phase chromatography analysis. TANNER and ZANNIER (1983), and AMON et al. (1989) extracted the volatile substances from wine using n-pentane and from cork by maceration in ethanol diluted with water to 20 % alcohol by volume, followed by extraction using n-pentane. The organic extracts were analyzed directly by gas-phase chromatography on a non-polar phase (polymethylsiloxanes) coupled with a mass spectrometer (GC/MS) or an electron capture detector (GC/ECD), using 3,5-dimethyll-2,4,6-trichloroanisole (DMTC) as an internal standard. RIGAUD et al. (1984) extracted chlorophenols and chloroanisoles from wine and cork using n-pentane then analyzed the extract directly by gas-phase chromatography with electron capture detection using an external standard (dibromo-1,2-benzene), while the chlorophenols were previously methylated using diazomethane. Derivatization was used to facilitate analysis of the chlorophenols, which are susceptible to adsorption and less volatile than the corresponding anisoles. Acetylation with a blend of pyridine/acetic anhydride (1:0.5) is an easier process than methylation, but the extract must be suspended in water and extracted again using a solvent before it can be analyzed. WITHFIELD et al. (1986) quantified chloroanisoles from several matrices at 0.01 ppt using vapor distillation and co-extraction with organic solvents (pentane-diethyl ether-toluene) on a continuous Lickens-Nickerson system, with DMTC as an internal standard, followed by GC/MS and mass fragmentometry (SIM). CANTAGREL and VIDAL (1990) analyzed chloroanisoles and chlorophenols in Cognac and cork, using n-pentane extraction with DBB and 3,4-dimethyl-phenol (DMP) as internal standards, followed by direct GC/MS/SIM analysis. In order to obtain total extraction from solid matrices of varying complexity such as cork, CHATONNET et al. (1994) devised a low-temperature continuous extraction process in a soxhlet using dichloromethane as a solvent. The wines were extracted with n-pentane and analyzed by GC/MS/SIM. This special equipment made it possible to analyze phenol contaminants and halogenated anisoles very efficiently by direct high-temperature desorption coupled with GC/MS/SIM (HOFFMANN and SPONHOLZ, 1994) . POLLNITZ et al.(1996) used npentane extraction and GC/MS/SIM with TCAd 5 as an internal standard to assay chloroanisoles in wine and corks. Finally, SOLEAS et al. (2002) assayed TCA (limit of detection -LD -0.1 ppt, limit of quantification -LQ -2 ng/L) and TCP (LD 0.7, LQ 4 ppt) in wine using non-polar solid phase extraction (SPE -C 18 bonded silica) then GC/MS/SIM. Cork was macerated in ethanol, then the solution was diluted in water (20 % ethanol/vol.) , extracted by SPE, and analyzed using GC/MS/SIM.
Solid phase micro-extraction (SPME) in headspace mode has been suggested for assaying TCA in wine (EVANS et al., 1997) . However, this technique is totally inadequate for analyzing chlorophenols (insufficiently volatile) or contaminants inside solids. It is also possible to assay TCA by stir bar sorptive extraction (SBSE), using a stir bar impregnated with polydimethyl-siloxanes in the water or wine to be analyzed. Analytes were then subjected to direct thermal desorption on the head of the column coupled on-line with GC/MS/SIM (HOFFMANN et al., 2000) . Unfortunately, this technique is not really any more effective for assaying chloroanisoles However, the use of other phase types makes it possible to envisage extending the application of SBSE to contaminants in liquid media, but it is still not applicable to those in solids.
This article presents a method for simultaneously assaying the main chloroanisoles and chlorophenols identified as potential contaminants in wines, corks, and cork-based stoppers. Organic solvents make it possible to extract the total quantity of organochlorine contaminants from these matrices. Simultaneous assay of all the chloroanisoles and their precursors gives an accurate contamination balance, which makes it possible to identify the causes of the organoleptic faults found in bottled wines by studying the migration of contaminants from the stoppers into the bottle contents. 
MATERIALS AND METHODS

I -CHEMICAL STANDARDS
II -PREPARING AND EXTRACTING WINE SAMPLES
The wine (200 ml) was centrifuged (15 min at 5 000 g) and put into a 200 ml borosilicate glass graduated vial, then exactly 1 ml of a 2,4,6-tribromophenol-3,5-d2 (internal standard) solution at 10 mg/L in absolute ethanol stored in a PTFE flask was added. The contents of the vial were homogenized and transferred to a 250 ml Erlenmeyer flask then approximately 1 ml 1/3 sulfuric acid was added using a graduated pipette to acidify the medium, as well as a PFTE stir bar (6 g, 25 mm) previously rinsed with ethanol. Then 10 ml of a 1:1 dichloromethane/n-pentane blend (Pestipur™, SDS) was added and stirred for 5 min (250 rpm). The contents of the Erlenmeyer flask were then static settled in a separating funnel rinsed with dichloromethane. The organic phase was collected carefully in a sealed 50 ml flask. The solution was extracted twice more using 5 ml solvent. The organic phases were combined, the emulsion broken by asymmetrical agitation, and the aqueous phase eliminated by means of a disposable Pasteur pipette. The organic phase was dried on anhydrous sodium sulfate (Aldrich) then transferred into a 100 ml Zymark™ concentrating tube, and the flask was rinsed carefully twice with 1 ml dichloromethane/pentane.
The solution was concentrated automatically to 0.5 ml using a Zymark™ Turbovap II, operating at 25°C +/-2 in a stream of nitrogen (quality I, Air Products™) at 1 bar, which took approximately 15 minutes. The sample was transferred to a 500 µl disposable injection flask and kept at -20°C in a dark place prior to analysis. Spirits samples may be analyzed in the same way, provided that the samples are diluted with purified distilled water (MilliQ™) to an alcohol content below 20 % vol.
III -Analyzing corks or cork-based stoppers
The cork was weighed (+/-0,01 g) and its humidity measured using a capacity measure Gahn™ moisture meter, calibrated in relation to the reference method (weighed after 48 h drying in an oven at 105°C) to determine the relative humidity. The results may thus be expressed at a constant rate of humidity or as dry weight.
The upper quarter of the stopper in contact with the external environment was cut off to avoid bias from contaminants outside the cork (CHATONNET et al., 1994) then grated manually with a metal grater. The grater was decontaminated between samples by soaking it in a detergent solution (5 % Decon 90™) with added ethanol (50 % vol.) and drying overnight in an oven at 105°C. The cork was grated onto a sheet of aluminum foil. It would have been possible to divide the cork differently, but we recommend that the upper quarter of each stopper be analyzed separately.
-Extraction by maceration with stirring
A 0.5 g cork sample (+/-0.01 g) was put in an 150 ml Erlenmeyer flask stopped with emery and 100 µl internal standard (2,4,6-tribromophenol-3,5-d2 at 1.182 mg/L absolute ethanol) was added, together with 70 ml dichloromethane and 0.1 ml glacial acetic acid (Rectapur™, Prolabo) to facilitate extraction of the chlorophenols. It was stirred for 120 min at room temperature with a stir bar (25 mm, PFTE, 6 g, 250 rpm). The extract was rapidly filtered through purified cellulose paper to eliminate any cork dust, concentrated to 0.5 ml then transferred to a flask for storage as described above.
Several maceration times (60 to 300 minutes) were compared using the same sample of naturally contaminated cork to determine the optimum extraction time under these conditions.
2-Continuous extraction in a soxhlet
Cork (0.5 g) was placed in a cellulose paper capsule that had previously been purified by continous extraction in a soxhlet with ethanol during 24 h. The internal standard was added to the cork in the capsule then placed in the boat of a 75 ml continuous soxhlet extractor. The evaporator flask was filled with 70 ml dichloromethane and 0.1 ml glacial acetic acid was added. The condenser was fed with water at 12°C +/-5.The flask was heated to produce a reflux of condensed solvent at a rate of approximately 3 ml/min for 120 min. The extractor was then removed from the heating system and cooled. The solvent was transferred from the extractor and flask directly into a 100 ml concentration tube and the flask was rinsed out twice with approximately 2 ml hexane.
Several times of extraction (60 to 300 minutes) were compared using the same sample of naturally contaminated cork to determine the optimum conditions.
IV -CHROMATOGRAPHIC ANALYSIS AND ASSAY OF THE CHLOROPHENOLS AND CHLO-ROANISOLES 1-Chromatographic separation
A Combi PAL™ automatic system (10 µl syringe, CTC Analyticals Inc.) was used to inject 1 µl (cork) or 2 µl (wine) extract into a 30 m x 0.25 mm HP5-MS capillary column (5 % phenyl-methyl-siloxane) (phase thickness: 0.25 µm) installed on an HP 5890 chromatograph equipped with an injector operating in splitless mode (250°C, initial pressure: 7.1 psi, pulsed splitless: 25.0 psi, pulse duration: 1.5 min, bleed: 50 ml/min, bleed time: 1.5 min) and an Agilent 5183 4711 insert. The balance gas (Helium N55, Air Product™) was used at constant flow-rate (initial pressure at column head: 7.1 psi, flow-rate: 1.0 ml/min, linear velocity: 36 cm/s). The temperature was programmed from 40°C (initial isotherm: 3 min) to 110°C at a rate of 25°C/min, then up to 230°C at a rate of 5°C/min, and up to 310°C at a rate of 25°C/min (final isotherm: 5 min). Analysis system inertness was checked by weekly injection of a column test (pentadecane, decylamine, octanol-3, dichloro-2,4-phenol). Analysis of chlorophenols requires a perfectly inert system, assessed by the retention time, surface area, and width of the decylamine and 2.4-dichlorophenol peaks, as well as changes in the response factors of the chlorophenols in relation to the internal standard.
2-Mass spectrometry and multi-fragmentometry detection
An HP5973 quadripole mass detector operating in electron impact mode was used for detection (source temperature = 150°C, constant ionization potential = 70 Kev, electron multiplier = 1 500 V) and fragmentometry mode on selected ions characteristic of each molecule (TCA 197, 210, 212 ; TCP 196, 198 ; TeCA TeCP 230, 232, PCA 278, 280, PCP 264, 266 , internal standard 332, 334, 336 uma, Dwell time 100 ms). 
-Calibration
The system was calibrated using a range of known concentrations, prepared from pure standard products at concentrations of 0, 2, 5, 10 , 20, and 50 ng/L diluted in uncontaminated wine, and 0, 5, 10, 20, 50, and 100 ng/g impregnated in uncontaminated cork using continuous extraction (24 h) in a soxhlet by methanol (dried for 24 h in an oven at 105°C then stored in glass) and analyzed under the same conditions as the contaminated samples.
The pure chlorophenols were stored in PFTE flasks and the chloroanisoles in borosilicate glass. The range of standard substances was injected every 15 samples, every 24 h, and at least once per week, to ensure that the analysis system was always properly calibrated.
V -VALIDATING ASSAY METHODS
The proposed analysis method was assessed using the validation protocol for a standard method and the calculation methods described in the OIV repository (2001) and the French standards for intra-laboratory validation: NF ISO 5725-1 and NF V 03-110 (AFNOR, 1998). Table I below summarizes the experiments used, i.e. the number of samples, repetitions, and measurements used to validate the methods.
The unpolluted red wine used had the following characteristics: alcohol content 12.5 % vol., total acidity 3.50 g/L H 2 SO 4 , volatile acidity 0.68 g/L acetic acid, and total polyphenol index (A280 = 38) and a series of sample corks was selected for low contamination by preliminary analysis (crushed and combined to produce a standard sample).
6-Applying simultaneous assay of chlorophenols and chloroanisoles to expert examinations Following claims by several primary distributors, legal expert examinations were carried out to determine the origin of the organoleptic faults known as «musty» off-odors in bottled wines. We report here on several examples where the analysis method developed was used to identify the contaminants and measure the concentrations in wines and stoppers in order to identify the origin of the pollution and thus, the liabilities involved.
RESULTS AND DISCUSSION
I -ASSAYING CHLOROPHENOLS AND CHLO-ROANISOLES IN WINE
1-Linearity range and limitations of the assay Experiment A was used to check the linearity range and deduce the calibration characteristics. The experiment required a blank (zero concentration) and 5 (2, 5, 10, 25, 50 ng/L) to 7 (2, 5, 10, 25, 50, 150, 250 ng/L) concentrations located in the assumed linearity range for each substance, in order to detect any non-linearity with a risk of 1 % (FEINBERG, 1997). For each concentration, we prepared 5 or 7 (theoretical) standard solutions from a standard of known purity and measured the instrument reading without repeated dilutions. Table II summarizes the statistical results obtained.
Linear regression was satisfactory in all cases (Fisher test FI was above critical F at risk a = 1 % for 1 and p(n -1 ) degrees of freedom). We also checked that there were no model errors and that a straight line capable of modeling the relationship throughout the selected area (Fnl was lower than or equal to the Fisher F at a risk of 1 % for p-2 and p(n -1 ) degrees of freedom). The measurements collected to define the limits of linearity were used to calculate sensitivity, detection threshold (3 times background noise plus blank/sensitivity), and quantification threshold (10 times background noise plus blank/sensitivity). The blank was carried out on a matrix with no added analytes, rather than on no matrix (table II) . It is easy to increase the injection volume from 2 to 4 µl and reduce the detection thresholds by approximately 30 % (results not shown).
2-Specificity
The specificity of a method is its capacity to deal exclusively with the analyte under consideration and guarantee that the assay results are not due to interference. It was assessed globally by looking for nonsignificant matrix effects following the addition of measured quantities. To check whether the regression line was equal to 1, the Student T factor was calculated with p-2 degrees of freedom at risk threshold a and compared with critical value t. The T obs factors calculated were lower in all cases than the Student critical value. It was, therefore, possible to conclude that there was no interference and that the specificity level was acceptable (slope = 1). It was also possible to conclude that the intercept of the regression line was not different from 0 as the added concentrations (figure 1) were sufficiently clearly indicated in an unbiased, linear relationship.
3-Accuracy
Accuracy was defined as a close agreement between the mean value obtained from a large series of measurements (in the 0-200 ng/L range, 15 levels, 2 repetitions) and an accepted conventional value. In our case, it corresponded to the value of added analyte, taking its purity factor into account (zero variance). The precision of the method could not be studied in the absence of a standard method and material.
Accuracy was estimated by comparing the mean values for the series of analyses and calculating the relationship w between the absolute value d for the differences in mean values and sd, the standard deviation of the means obtained for each sample (table IV).
The value of w was below 3.0 in all cases (NF ISO 5725-2). It was therefore possible to conclude that the method was accurate with a 1 % risk of error.
4-Internal reproducibility and assay uncertainty
Internal reproducibility of the method, i.e. its accuracy when used by several operators at long intervals. A wine sample was selected among those used for experiment C and measurements were made by three different operators over a 10-day period. Table V shows intra-laboratory reproducibility and related assay uncertainties.
II -ASSAYING CHLOROPHENOLS AND CHLO-ROANISOLES IN CORKS OR CORK-BASED STOPPERS
1-Choice of method and extraction conditions
Relatively powerful solvents are required for total extraction of the organochlorine pollutants from a micro-porous matrix, as cork, which contains high percentages of fats and complex fatty acid polyesters. Chloroanisoles may easily be extracted using a variety of organic solvents, but are susceptible to losses through volatilization. Chlorophenols, in view of their polarity, the possibility of salts (chlorophenates), and combi- nations with certain polymer binders used in cork-based stoppers, were plus difficult to extract and also more susceptible to losses through adsorption.
An extraction carried out under the same conditions with an identical solid matrix, an external standard, and several types of solvent showed that n-pentane, diethyl ether, and dichloromethane gave similar results with chloroanisoles. Polar solvents were also slightly more effective in extracting chlorophenols. Dichloromethane, slightly acidified with acetic acid, enhanced extraction of pentachlorophenol from certain matrices (results not shown).
Extraction by maceration with magnetic stirring was compared with continuous extraction under solvent in a soxhlet extractor using a moderately polluted natural sample (TCA 22, TCP 19, TeCA 5, TeCP not assayable, PCA 11, PCP 5 ng/g) to determine which method was most appropriate for analyzing contamination.
The extraction curves for the various molecules under consideration (figure 2) were found to be similar with both methods. Extraction using maceration/stirring reached a plateau relatively rapidly, after approximately 60 min. When excessive heating was avoided, continuous extraction required approximately 60 min to reach a constant reflux rate and produced slightly more extraction than maceration. The differences, however, remained small, in comparison with the results obtained using both methods after 60 min (figure 3): TCP was quantified at a slightly higher level (24.8 %) with the soxhlet and TCA at a slightly lower level (12.5 %), while the results for the other analytes were not significantly different. Extraction by maceration with stirring for at least 60 minutes is, therefore, an effective method for quantitative extraction of the organochlorine contaminants inside corks.
2-Linearity range and assay limits
To validate the assay method on cork, we used the same procedure as in wine. Table VI summarizes the results obtained. The assay proposed was perfectly linear in the 0-50 ng/g range.
3-Specificity
The T obs factors calculated were lower than the Student critical value for these experimental conditions (table VII). It was therefore possible to conclude that there was no interference and that specificity was acceptable (slope = 1). It was likewise possible to conclude in all cases that the intercept of the regression line was not different from 0; the added concentrations were sufficiently reflected in the results with a linear relationship throughout the range.
4-Accuracy
In all cases, w was less than 3.0 (NF ISO 5725-2). It was therefore possible to conclude that the method was accurate with a 1 % risk of error (table VIII) .
5-Internal reproducibility and assay uncertainty
A cork sample was selected from those used in experiment C as representative of the moderate pollution frequently observed in practice and measurements were made by two operators over a 10-day period. Table IX presents the intra-laboratory reproducibility and associated assay uncertainties. A high frequency (37.5 %) of «musty» off-odors was detected on tasting representative samples of rosé wine from bottles corked with cork-based agglomerated stoppers. There was considerable bottle variation in the intensity of the fault. Part of the same batch of wine was stopped with synthetic plastic corks and showed no spoilage. The cork was, therefore, strongly suspected to be responsible for the defect, but the type and origin of the contamination needed to be determined as the wine had been stored in wooden pallet-boxes that were massively impregnated with disgusting-smelling chlorophenols. Table X summarizes the assays carried out on a selection of wines found spoiled to varying degrees by tasting and their respective corks. Wine from an «uns-poiled» bottle did not contain any detectable traces of TCA and only a tiny quantity of TeCA, well below the spoilage threshold (< 10 ng/L). Wines with suspect stoppers that did not shown any tasting faults contained traces of TCA > 0.99 ng/L (LD: detection threshold) but less than 2.97 ng/L (LQ: quantification threshold), while TeCA was present in trace amounts or undetectable. Wines that were obviously spoiled all contained large quantities of assayable TCA (> LQ), while TeCA was not detectable in most samples. The constant presence of low levels of PCA confirmed the existence of a source of environmental pollution, but the concentrations found did not account for the spoilage. The intensity of the «musty» odor correlated perfectly with the quantity of TCA assayed in the wine above a limit (# < 3 ng/L) corresponding to the perception threshold for TCA in this wine (figure 4).
III -EXAMPLE OF THE APPLICATION OF THE SIMULTANEOUS ASSAY OF CHLOROPHENOLS AND CHLOROANISOLES IN WINES AND CORKS OR CORK-BASED STOPPERS
In this case, identifying and assaying the contaminants present and drawing up a contamination balance for the wine and stoppers made it possible to conclude irrefutably that the corks used were responsible for spoiling the wine.
CONCLUSIONS
The proposed simultaneous assay method for chlorophenols and chloroanisoles complies with the following standards: NF ISO 5725-1/2, NF V 03110 (AFNOR) and MA-F-AS1-06-PROVAL (OIV). This method is specific, accurate, linear, and repeatable with detection and quantification limits compatible with those required for this type of contaminant (assay range: ppt). It provides an accurate, objective analysis of the type and origins of pollution in bottled wines with corks or cork-based stoppers due to phenols and, in particular, chloroanisoles. 
